There is indeed a birth canal, the ribosome tunnel, which begins at the PTC and runs through the large subunit to exit ports some distance away. The nascent channel peptide travels through this birth canal An ion channel protein begins life as a nascent peptide inside a ribosome, moves to the endoplasmic reticuas the peptide is elongated. ("Nascent" is used to denote peptides still bound as peptidyl-tRNA to the PTC of the lum where it becomes integrated into the lipid bilayer, and ultimately forms a functional unit that conducts large ribosomal subunit.) The dimensions of the tunnel, 100 Å in length and 10-20 Å in diameter, are wide enough ions in a well-regulated fashion. Here, I discuss the nascent peptide and its tasks as it wends its way to accommodate secondary, e.g., an ␣ helix, which has a 10-20 Å diameter, but perhaps not tertiary conformathrough ribosomal tunnels and exit ports, through translocons, and into the bilayer. We are just beginning tions of the channel protein. Thus, proteins likely acquire their tertiary structures after emerging from the riboto explore the sequence of these events, mechanisms of ion channel structure formation, when biogenic desome, a feat that requires at least 30 to 70 amino acids in length for the tethered peptide to traverse the 100 Å cisions are made, and by which participants. These decisions include when to exit the endoplasmic reticulong tunnel. Proteins still tethered to the PTC can fold and even acquire enzymatic activity shortly after exiting lum and with whom to associate. Such issues govern the expression of ion channels at the cell surface and the ribosomal tunnel ( 
also stop translocation across the membrane (Tu et al., 2000) . The second transmembrane segment, S2, functions as the signal sequence. Similarly, in the CFTR Cl channel, the second transmembrane segment serves to target the channel to the ER (Lu et al., 1998). Consequently, the first several hundred amino acids are available for a short time in the cytosol and may fold and/or associate with other proteins or factors. However, there is evidence that ER-bound ribosomes can initiate protein synthesis de novo (Potter and Nicchitta, 2000) . If so, could insertion of the nascent peptide start with S1?
Topologically, the inside of the ER is equivalent to the extracellular space and contains a unique group of proteins and factors that modify the nascent channel peptides, as well as regulate the intralumenal milieu ( Figure 2B ). Upon arrival at the ER, the ribosome/ nascent peptide complex binds to the translocon, a multiprotein complex that forms an aqueous pore through which the nascent channel peptide enters the ER lumen (Johnson and van Waes, 1999; Figure 1 ). The ribosome exit tunnel aligns with the aqueous pore of the translocon, which spans the bilayer and only opens ion channel biogenesis, since ion channels are polytopic membrane proteins.
Translocation defines the sidedness (transmembrane through the region of the PTC (Choi and Brimacombe, topology) of the channel protein and, thus, the location 1998), thus allowing nascent peptide to scan its own of folding events for cytoplasmic domains and for extranew domains as they are made. (NB: Prokaryote and cellular/lumenal domains. Topological fate is detereukaryote ribosomes differ somewhat in structure and mined in the translocon. This entails a multitude of inregulatory proteins. Thus, some of the above charactertriguing issues. For polytopic ion channels, how do istics may apply to one but not the other ribosome.) consecutive transmembrane segments orient in oppoUpon emergence of a specific amino acid sequence site directions? Transmembrane segments may insert from the ribosome, the entire nascent peptide/ribosome in pairwise fashion, or consecutive transmembrane segcomplex is targeted to the ER membrane where synthements may invert 180Њ upon entry or residence in the sis continues. Typically, targeting of membrane proteins translocon. How and when is topology decided? Are involves a signal sequence in the N terminus that binds proteins the only topological determinant, or can lipids a signal recognition particle (SRP), which subsequently help orient the nascent peptide? binds to a receptor on the ER membrane. Since hydroTopological fate is encoded by the amino acid sephobicity and helicity of the nascent peptide are critical quences in the transmembrane and its flanking regions. for its interaction with SRP, and subsequently the ER, This encoding has been characterized for a few ion acquisition of secondary structure in the ribosome tunchannels: CFTR, Kv1. , 2003a, 2003b) . The N and C termini are in the cytosol. A T1 recognition domain is indicated in green, and a glycosylation site between S1 and S2 is indicated by the ball and stick. Brackets indicate putative biogenic units. Charges (Ϫ and ϩ) are indicated for some of the residues in the transmembrane domains of the voltage sensor (S1-S4). The pore region includes S5-P-S6, where P is the intervening loop between S5 and S6. S1-S4 is the voltage sensor domain. (B) Opposite topologies for a Kv monomer in the plasma membrane and the ER membrane are shown. In both cases, the N and C termini are in the cytosol.
When are these topogenic decisions made? One possome coordinated fashion (Hegde and Lingappa, 1997; Figure 3 ). sibility is that a transmembrane segment establishes topology before translation of the subsequent transFor some proteins, a sequential one-at-a-time "spooling" mechanism makes sense, but for others, it may not. membrane segment. Alternatively, as is the case for Kv1.3 (and CFTR), the first transmembrane segment In Kv channels, transmembrane segments S2, S3, and S4 contain negatively and positively charged residues, achieves its topology only after the second transmembrane segment is synthesized (Lu et al., 1998; Tu et al., yet these transmembrane segments are integrated into the hydrophobic bilayer (Tu et al., 2000 ., 2001 ). This intersubunit sensors may occur late in the sequence, after synthesis, interaction is facilitated by the ER membrane, presuminsertion, tetramerization, and association with auxiliary ably due to concentration or restricted orientation of subunits, but prior to formation of N-and C-terminal T1 domains and thus speedier oligomerization. Such proximity. However, the spatial and temporal details of membrane-dependent mechanisms could protect against these folding events are not known. Direct measurepremature folding and oligomerization of membrane ments of folding of a monomeric T1 recognition domain proteins prior to targeting. T1-T1 interactions in nascent (Figure 2A ; for definition of "T1," see below) in Kv chanKv subunits may serve to globally restrict subunits in nels has been made using an assay that relies on intrathe ER membrane, producing a local high concentration molecular crosslinking of pairs of cysteines engineered of subunits that kinetically expedites folding and tetraat the folded monomer T1 interface ( , 1996) . The structure of the element of ion channel ontogeny is the association of complexes of the pore-forming channel and ␤ subunits these components to ultimately form the mature channel consists of the T1 tetramer (see above) docked onto complex. In principle, all compartments along the ER-tothe ␤ tetramer to form an octomeric structure with a plasma membrane journey could host such association. stoichiometry of T1 4 ␤ 4 (Figure 4 ; Gulbis et al., 2000). Auxiliary proteins have been crafted to serve dual roles:
However, we know nothing about the sequence of modulators of function and modulators of biogenesis/ events that gives rise to this structure. Although the ␣:␤ trafficking. We refer to this as a cell's economy of purstoichiometry first reported was 1:1, it now appears that pose. Except in a few cases (see below), the mechaKv␤1 and Kv␤2 associate with ␣ subunits in two different nisms of biogenic facilitation are not known, nor where, functional stoichiometries: ␣ 4 ␤1 n (where n ϭ 0-4) and when, or how auxiliary subunits associate with their ␣ 4 ␤2 4 , which may underlie their different roles in channel pore-forming counterparts. Association could be cofunction and expression, respectively (Xu et al., 1998). translational or posttranslational. Auxiliary membrane How do these different stoichiometries arise? Do ␤ subproteins could associate with pore-forming subunits at units first self-associate to form various oligomeric ␤ n their mutual peripheries or could intercalate between stoichiometries and then associate with an ␣ tetramer; pore-forming subunits. One stoichiometry or multiple do ␤ subunits individually, and sequentially, associate stoichiometries may predominate. While these fundawith ␣ tetramers; or do ␣ and ␤ subunits associate to mental assembly issues remain both intriguing and in form a heterodimer, which subsequently associates with most cases, unresolved, they hold clues to the role of other ␣␤ dimers to form the octomeric 4:4 complex? auxiliary subunits in assembly. We will consider only a 
